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High-quality optical resonant cavities require low optical loss, typically on the scale of parts per million.
However, unintended micron-scale contaminants on the resonator mirrors that absorb the light circulating
in the cavity can deform the surface thermoelastically and thus increase losses by scattering light out of the
resonant mode. The point absorber effect is a limiting factor in some high-power cavity experiments, for
example, the Advanced LIGO gravitational-wave detector. In this Letter, we present a general approach to
the point absorber effect from first principles and simulate its contribution to the increased scattering. The
achievable circulating power in current and future gravitational-wave detectors is calculated statistically
given different point absorber configurations. Our formulation is further confirmed experimentally in
comparison with the scattered power in the arm cavity of Advanced LIGO measured by in situ photodiodes.
The understanding presented here provides an important tool in the global effort to design future
gravitational-wave detectors that support high optical power and thus reduce quantum noise.
DOI: 10.1103/PhysRevLett.127.241102

Introduction.—A wide variety of precision optical experiments rely on resonant optical cavities to enable precise
measurements of space, time, and fundamental physics.
These experiments often require high optical intensity
incidents on the mirrors of the cavity to boost the signalto-noise ratio. However, unintended defects may be deposited on the reflective surface of the mirror during the coating
process or exposure to a dusty environment [1]. These
localized defects, known as “point absorbers,” absorb
optical power and cause undesired thermal effects on the
optics under irradiation, especially in cavities containing
high circulating power. The point absorber becomes a
limiting factor in various precision measurement experiments that require a high-finesse cavity with low round-trip
loss, such as cavity QED [2], axion detection [3], qubit
experiments [4], and gravitational-wave detectors [5–7]. It is
thus necessary to develop a quantitative understanding of the
point absorber effect in high-power optical cavities.
With a 4-km-long baseline and a circulating power of
more than 200 kW, the arm cavity of the Advanced Laser
Interferometer Gravitational-Wave Observatory (aLIGO)
serves as a good example of the point absorber effect [8].
aLIGO is a dual-recycled Fabry-Perot Michelson interferometer designed to measure tiny perturbations of spacetime
with unprecedented precision [9]. One of the fundamental
noises that limit aLIGO’s performance is quantum shot
noise, which can be reduced either by increasing the arm
power or by manipulating the quantum states of light

through squeezing [10]. However, arm power can be
limited by point absorbers (studied here), other thermal
distortions [11], and a variety of instabilities [12–15]. The
arm power during the third observing run O3 was limited to
one-third of the designed value of 750 kW, mainly due to
point absorbers on the mirror [8,9] that scatter light out of
the fundamental cavity mode.
Point absorbers were known to exist since the first
observing run. Many analyses have been carried out to
understand how they deform the optics and scatter light out
of the cavity [1,16,17]. In this Letter, we provide a more
general approach from first principles. The traditional
formalism is extended to include arbitrary heating functions
with any nonlinear boundary conditions, such as the StefanBoltzmann law. With the correction from the nonlinear
boundary condition, we can make more accurate statistical
estimations of the arm power for the next planned upgrade
of aLIGO (known as “Aþ”) and the next generation of
gravitational-wave detectors with a variety of potential
point absorber configurations.
We start by calculating the differential temperature
profile from single point absorber heating with proper
boundary conditions. Then the thermoelastic deformation
of the mirror is derived using a thermoelasticity equation.
Next, this deformation is incorporated in a FFT-based
simulation to obtain the field in the arm cavity, which is
used to calculate its round-trip loss and achievable power.
In addition, we simulate the low-angle scattered light
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∇2 T sub ðr; zÞ ¼ ∇2 Tðr; zÞ ¼ 0;

ð1Þ

where T sub ðr; zÞ ¼ Tðr; zÞ þ T ∞ is the temperature of the
optic substrate, and T is the temperature departure from the
constant ambient temperature T ∞ . The boundary conditions include the intensity of a heating source IðrÞ on the
HR surface due to the point absorber,

∂T 
−K  ¼ −IðrÞ þ gðTÞjz¼h2 ;
ð2Þ
∂z z¼h2
where K is the thermal conductivity, gðTÞ is the thermal
flux of blackbody radiation
gðTÞ ¼ ϵσ½ðT ∞ þ Tðr; zÞÞ4 − T 4∞ ;

500 m
103

ð4Þ

where the Hankel transform H0 is defined as
Z ∞
T̃ðk; zÞ ¼ H0 fTðr; zÞg ≡
drrJ0 ðkrÞTðr; zÞ ð5Þ
0

and J0 is the Bessel function of the first kind. The
angular dependence is dropped due to cylindrical
symmetry. The solution of Eq. (4) is the sum of growth
modes AðkÞekz and decay modes BðkÞe−kz , where the latter
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FIG. 1. Thermoelastic displacements on the HR surface by
various point absorber radii (labeled near each curve). The edge
of the 17-cm radius optic has zero deformation. The incident
intensity on the centered absorber is 4.1 × 107 W=m2 , equivalent
to the center intensity of the 240-kW beam on the mirror of
aLIGO arm cavity. Analytic fits to the linearized boundary
solution [Eq. (12)] are also shown.

vanishes by the semi-infinite boundary conditions
Tðr → ∞; zÞ ¼ Tðr; z → −∞Þ ¼ 0.
Let IðrÞ be the heating function from a point absorber;
2
2
here we use a Gaussian profile IðrÞ ¼ ϵI b e−r =w with
absorber radius w and irradiation intensity I b at the
absorber center. Let T HR ðrÞ ¼ Tðr; z ¼ h=2Þ be the temperature profile at the HR surface. The Hankel transform of
the boundary condition at the HR surface (2) gives

ð3Þ

ϵ is the thermal emissivity or absorptivity (assumed to
be unity throughout this Letter), and σ is the StefanBoltzmann constant.
A semi-infinite assumption can be made by treating the
optic as a semi-infinite solid [18,19]. We present a general
way of solving the Laplace equation under either linearized
or nonlinear boundary conditions. Taking the zeroth-order
Hankel transform H0 of the Laplace equation in cylindrical
coordinates with respect to r [20], we get
ð−k2 þ ∂ 2z ÞT̃ðk; zÞ ¼ 0;

104

HR Displacement [nm]

intensity and compare this with in situ measurements. Our
results reveal a good match between these measurements
and simulation, thus confirming our understanding of point
absorbers.
Theoretical modeling.—Point absorbers degrade the
performance of high-power optical resonators by absorbing
laser power, which thermally distorts the mirror surface and
thereby scatters light out of the resonant mode of the cavity.
The analytical solution of the differential temperature under
a general boundary condition is derived first.
Consider a cylindrical optic with radius a and thickness
h. Choose cylindrical coordinates at the center of the mirror
with the z direction pointing into the cavity. One point
absorber is put at the center of the high-reflective (HR) side
for cylindrical symmetry. When the cavity is held on
resonance, the system is static, and the heat equation
reduces to the Laplace equation

T̃ðk; zÞ ¼ −

ekðz−h=2Þ
H0 f−IðrÞ þ g½T HR ðrÞg:
Kk

ð6Þ

Therefore, T HR ðrÞ is found by taking the inverse transform
of T̃ðk; z ¼ h=2Þ,
 02 
r0
r
0
0
dr ½Iðr Þ − g(T HR ðr Þ)K 2
r
r
0
 2
Z ∞
2
r
þ
dr0 ½Iðr0 Þ − g(T HR ðr0 Þ)K 02 ; ð7Þ
πK r
r

2
T HR ðrÞ ¼
πK

Z

r

0

where K is the complete elliptic integral of the first kind.
Equation (7) is a nonlinear integral equation with no
closed-form solution, but an approximate solution can be
found by either linearizing the boundary function gðTÞ or
using successive approximation.
The linearized boundary solution has been given in [19].
The heat from a small point absorber is primarily dissipated
by conduction. This estimate breaks down for a large
absorber of radius ðK=ϵI b ÞðI b =2σÞ1=4 which is ∼100 μm in
an aLIGO arm cavity [17]. The correction of nonlinear
radiation will matter if the radiative contribution becomes
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significant. This motivates us to find a solution to the
general boundary condition.
The nonlinear integral equation (7) can be solved by
successive approximation with feedback. We start the
zeroth iteration with an initial guess T 0 ðrÞ. The real
solution is denoted as T S ðrÞ, and the zeroth error function
is ε0 ðrÞ ¼ T 0 ðrÞ − T S ðrÞ. Plugging this into Eq. (7) and
keeping the first nontrivial order of the error,
g0 ðrÞ ≡ g½T 0 ðrÞ ¼ gS ðrÞ þ 4ϵσðT ∞ þ T 0 Þ3 ε0 þ Oðε2 Þ:
ð8Þ
Assuming the error has weak variation over radius
ε0 ðrÞ ≈ ε0 , we have
T½T 0 ðrÞ ¼ T S ðrÞ − ε0 C0 ðrÞ ¼ T S ðrÞ − ½T 0 ðrÞ − T S ðrÞC0 ðrÞ;
ð9Þ
where
 02 
r0
r
3
dr ðT ∞ þ T 0 Þ K 2
r
r
0
 2 
∞
r
dr0 ðT ∞ þ T 0 Þ3 K 02 :
r
r

8ϵσ
C0 ðrÞ ¼
πK
Z
þ

Z

r

0

ð10Þ

We can then iterate the temperature profile
T iþ1 ¼

TðT i Þ þ Ci T i
1 þ Ci

ð11Þ

until we reach convergence at TðT i Þ ¼ T i and
T iþ1 ¼ T i [21,22].
The displacement vector field of the optic can be found
given the temperature solution Tðr; zÞ. We follow Hello and
Vinet’s formalism but apply it to our solution [23] (see the
Supplemental Material for detailed derivations [24]).
Figure 1 shows the resulting displacement of the HR
surface. For small point absorbers, the differential temperature is relatively low, and the radiative correction is
negligible; the linearized boundary solution is accurate.
However, the correction becomes significant for an
absorber with radius larger than 100 μm, up to a factor
of 3 in the 500 μm case. A typical point absorber with a few
tens of microns in radius can cause surface deformation on
the scale of several tens of nanometers in height and a few
centimeters in size.
An analytical fit to displacement of the linearized
solution is given by




3λ þ 2μ ϵI b w2 α
a2
hðrÞ ≈ 0.12
ln 2
;
2
λþμ
K
r ð1 − w2 Þ þ w2

ð12Þ

a

where μ is the first Lamé coefficient, λ is the second
Lamé coefficient, and α is the thermal expansion coefficient.

Note that Eq. (12) breaks down at high absorbed power, as
shown in Fig. 1. With the deformation known, we can
superpose it onto the mirror phase map data and simulate
fields in a static cavity.
Implications for gravitational-wave detectors.—
Advanced gravitational-wave detectors are Michelson
interferometers using Fabry-Perot cavities as arms to
increase optical power and thus the signal produced by
gravitational-wave strain. The arm power is further
increased by the addition of a mirror at the symmetric
port of the interferometer to form a power recycling cavity
[5]. However, the power buildup can be degraded by the
point absorber effect as follows.
Without any thermoelastic deformation, the round-trip
loss in the cavity is constant, and the arm power is linearly
proportional to the input power with the slope set by the
round-trip loss of the cold cavity (gray lines in Fig. 2).
However, the thermoelastic deformation from the point
absorbers contributes to the optical loss by scattering light
out of the fundamental cavity mode. Thus, an increase in
arm power leads to an increase in the optical loss of the
arm, which decreases the optical gain of the power
recycling cavity [1]. As a result, for sufficiently highpower levels, the arm power saturates and becomes largely
independent of the input power.
Understanding the limitations of point absorbers on the
achievable arm power in realistic situations with multiple
absorbers is important in planning future detectors—for
example, the next-generation gravitational-wave detector
Cosmic Explorer (CE) [25,26]. CE will achieve a factor of
10 increase in sensitivity relative to Aþ by scaling up the
Aþ design to use 40-km-long arm cavities and increasing
the arm power by a factor of 2. The key parameters of the
coupled arm cavities of both detectors are summarized in
Table I.
To investigate the achievable arm power in CE and
the upcoming Aþ observing runs, we conducted a
Monte Carlo statistical analysis of round-trip loss by
calculating fields under 1000 point absorber maps generated on the arm cavity mirrors. For each map, the absorber
locations are uniformly distributed; radii are governed by a
Rayleigh distribution, and numbers are governed by a
Poisson distribution with mean number density one per
60 cm2 , characteristic of coated aLIGO mirrors. We investigate the cases of mean absorber radius hwi ¼ 5 μm
(optimistic) and larger absorbers with hwi ¼ 12 μm (pessimistic). The FFT-based simulation package Stationary
Interferometer Simulation [27] is used to calculate the field
amplitudes in the cavity given these point absorber maps.
The round-trip loss for each map is calculated at several
arm powers from which the power recycling gain is
computed. The recycling gain is then converted to the
input power required to reach a given arm power.
Figure 2 shows the results for these two cases for both
the Aþ and CE arm cavities. The medians are shown as
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FIG. 2. Circulating power in the arm cavity versus input power for two different detectors and mean radii of point absorbers (optimistic
5 μm and pessimistic 12 μm). The solid line is the median with shadings corresponding to the 16th and 84th percentile. The gray lines
(no absorber case) increases linearly with the initial slopes set by the round-trip loss of the cold cavity (Table I), and the designed power
is 750 kW for Aþ and 1.5 MW for CE. In the absence of point absorbers, the required input power is 120 W for Aþ and 140 W for CE.
In the enlarged graph, the data points collected from LIGO Livingston Observatory throughout observing run O3b are fit to obtain the
radii of point absorbers. It is statistically more confident for Aþ to achieve the designed power with hwi ¼ 5 μm.

solid lines and the shadings correspond to the 16th and 84th
percentile. The arm power saturation is evident in the
hwi ¼ 12 μm case and, while it may be possible for Aþ to
reach its 750-kW design arm power, it is unlikely that CE
would ever reach its design of 1.5 MW with absorbers of
this size. On the other hand, our analysis suggests that point
absorbers with hwi ¼ 5 μm pose little risk of damaging the
Aþ arm power, but it requires on average 30% more input
power for CE to achieve the designed goal. In both cases,
the point absorbers limit the arm power of CE more
significantly than that of Aþ.
This statistical model is consistent with measured arm
powers in the LIGO Livingston Observatory during
TABLE I. Parameters of the Y arm cavity of LIGO Livingston
Observatory measured in observing run O3b and the proposed
Cosmic Explorer. Note that, with the exception of the optical gain
and round-trip loss, the Aþ design parameters are the same as
those of aLIGO.
Parameter

aLIGO

CE

Designed arm power
Optical gain of
Power recycling cavity
Arm cavity
Round-trip loss of
Power recycling cavity
Cold arm (no absorber)
Arm cavity length
Mirror
Aperture
Material
Temperature
Beam radius on
Input mirror
End mirror

750 kW

1.5 MW

40
270

76
280

500 ppm
66 ppm
3995 m

500 ppm
40 ppm
40 km

34 cm
Fused silica
290 K

70 cm
Fused silica
290 K

5.2 cm
6.1 cm

12 cm
12 cm

observing run O3, which deviate from linear growth at high
power due to the point absorber effect. These data, shown in
the inset graph of Fig. 2, are fit to yield a 12.6 μm radius
absorber and 66 ppm round-trip loss of the cold cavity. The
thermal absorptivity is taken as unity to break its degeneracy
with the radius of the point absorber [Eq. (12)]. The data sit
in the predicted region of the pessimistic case. These results
are also consistent with measurements of the total absorbed
power of the point absorber [28].
Scatter magnitude.—Knowing the absorber radii, beam
position, and cavity parameters, we can calculate the
scattered fields through FFT simulation and compare the
theoretical modeling with measurements. Inside the arm
cavity, there are four silicon photodiodes (PDs) mounted on
each of the baffles installed in front of the test mass optics
to block and monitor scattered light. As the power in the
interferometer increases, the absorbers cause thermoelastic
aberration of the HR surface of the test mass, which in turn
results in an increased scattering. PD1 and PD4 facing the
cavity sample the Airy patterns of scattered light, as shown
in Figs. 3(a) and 3(b).
There were roughly a dozen point absorbers scattered
around the surface of the end mirror, including one
dominant absorber with the largest size near the center
of the mirror. After the observing run O3, we moved the
beam spot at 23 locations on the end mirror to change the
intensity incident on the absorbers while fixing the beam
spot on the input mirror. Simulations of each of these 23
alignments reveal that this large and centrally located
absorber dominates the optical scatter (Fig. 2). The FFT
results are shown in Figs. 3(c) and 3(d) for each of the 23
spot locations. We moved the beam to the same location
repeatedly at indices 12, 17, 18, and 23. It is seen that
the measurements at these indices are equal, indicating
that our measurements are reproducible over a week.
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(a)

End Mirror

(b)

both the size and number of point absorbers on future
optics. Finally, our formulation shows a strong coherence
with data when compared with in situ measurements of
scattered light, thus confirming our model.
Future analyses on the distortion of phase and mode
shape of the fields from point absorbers are needed to
estimate the degradation on the Michelson contrast, which
impacts the signal-to-noise ratio and thus the sensitivity of
the gravitational-wave detectors.

PD 1
PD 1

PD 4

Input
Mirror

PD 4

4000 m
0.34 m

(c)

(d)
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under Grant No. PHY-0823459.
FIG. 3. (a) Schematics of the Y arm cavity of LIGO Livingston
Observatory with photodiodes (PD1 and PD4) marked. (b) Intensity distribution of the field incident on the end mirror baffle
with a through hole at origin. (c),(d) Experimental measurement
(with 5× error bar) of normalized scatter power landing on PD1
and PD4 versus FFT simulation with point absorber formulation
incorporated. The error bar of simulation is due to the 3-mm
uncertainty of beam position. The data are taken at 23 beam spot
locations on the end mirror at four different days. The relative
scatter of clean optics without any absorber is roughly an order of
magnitude lower than the plotted simulation curve (not shown).

The simulation is capable of predicting the magnitude and
variation of the low-angle scatter, even though the field
amplitude shows a great amount of structure along the
radial distance from the beam center. The consistency
between data and simulation lends further credibility to
our modeling and improves our understanding of the point
absorber effect. Without the scattering due to point absorbers, the simulated relative scatter magnitude is roughly a
factor of 10 lower, and the simulated variations show little
coherence with the PD measurements.
Conclusion.—In summary, we carried out an analytical
approach to the point absorber problem in a high-power
resonant cavity. We propose an analytical solution to the
thermoelastic deformation of the optics with arbitrary point
absorber heating function and boundary conditions. Both
temperature and displacement profiles are derived and
incorporated in the state-of-the-art FFT-based optical simulation. With a more advanced and accurate understanding
of the point absorber effect, we make a statistical prediction
of arm power in current and future gravitational-wave
detectors for different mean radii of point absorbers. Our
analysis of resonant field power in the cavity suggests that
point absorbers of mean 5 μm radii will not prevent future
gravitational-wave detectors from achieving their design
sensitivity. Active research is being carried out to mitigate
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